Influenza is a viral infection of the respiratory tract. Infection is normally confined to the upper respiratory tract but certain viral strains have evolved the ability to infect the lower respiratory tract, including the alveoli, leading to inflammation and a disease pattern of diffuse alveolar damage. Factors leading to this sequence of events are novel influenza strains, or strains that have viral proteins, in particular the NS1 protein that allow it to escape the innate immune system. There are three main barriers that prevent infection of pneumocytes -mucin, host defence lectins and cells such as macrophages. Viruses have developed strategies such as neuraminidase and glycosylation patterns that allow this evasion. Though there has been much investment in antiviral drugs, it is proposed that more attention should be directed towards developing or utilizing compounds that enhance the ability of the innate immune system to combat viral infection.
Introduction
1918 was not a good year. Europe was not only in the final throes of a war that had extracted a heavy economic and physical burden on society with a tremendous loss of life. There was also the emergence of a new form of respiratory infection that was resulting in a 2-8% mortality. Doctors in Europe and the United States were battling to comprehend this emerging infection that had spread around military barracks and into the population with a transmission from humans to humans that had not been seen before. Researchers in the United States and United Kingdom examined the lungs of young soldiers who had died within a few days of contacting the disease. They found that the changes in the lungs were typified by the appearance of "… a non-cellular homogeneous exudate which was eosinophilic, and this was thought to be due to the presence of albumin coming from the serum…" The only comparison that this disease could be compared with was in the poisoning due to chlorine gas [1] .
We now know that the agent that produced the disease was the influenza virus (most likely of avian origin) [2, 3] and that the changes seen were representative of a picture of diffuse alveolar damage [4] .
Even after the discovery of the influenza virus there was not much interest from a pathological point of view on how the virus led to death. During the H2N2 and H3N2 pandemics of the 12 1950s and 1960s, limited autopsy and biopsy pathology indicated that bronchitis was the more common presentation and that a primary viral pneumonia was mainly seen in young patients, often with pre-existing disease such as mitral stenosis [5, 6] . Vaccination and intensive care with artificial ventilation was not readily available, so the overall picture was that of younger patients (possibly without prior virus exposure) succumbing to a fatal viral pneumonia within a number of days, with older subjects only developing bronchitis. Even with the advent of immunohistochemistry to identify viral antigen in biopsy and autopsy tissue, only a necrotizing bronchitis was seen and antigen was not normally present in the alveoli [7] .
The emergence of H5N1 in isolated cases and the 2009 pandemic demonstrated a crucial factor in the understanding of influenza pathogenesis. In fatal case in the 2009 pandemic large numbers of influenza antigen positive cells were present in the lungs of fatal cases [8] . In contrast, patients who died of H5N1 rarely had abundant numbers of antigen positive cells -even though changes of diffuse alveolar damage (DAD) were present [9] [10] [11] . Since this latter group of patients died after antiviral and intensive care therapy [12] [13] [14] , the picture was similar to that seen in SARS, where there was an acute viral induced disease with antigen present followed by a second phase of DAD where antigen was not identified but an evolving process of alveolar destruction followed by repair had commenced [15] .
From the discussion above it becomes clear that the severe pulmonary burden occurs when the body is exposed to a viral agent to which there is no pre-existing immunity and in which most active viral replication occurs in the first 7 days followed by a prolonged virus-free exudative phase. This pattern appears similar in many viral pneumonic pictures and is orchestrated by the actions of the innate immune defence system [16] .
The interaction of influenza with the innate immune defence system mechanism occurs broadly in 2 phases -the first is a circumvention of the natural extracellular host barriers and the second is a hijacking of the intracellular pathways by the virus in order to prevent an antiviral response and direct the cellular machinery towards replication of viral progeny. There are three barriers that influenza needs to defeat in order to successfully infect epithelial cells -mucin, host defence lectins and alveolar macrophages.
The key factors of the influenza virus that allow it to escape the natural defence mechanism are the surface protein haemagglutinin (HA) and neuraminidase (NA). The first protein is called a haemagglutinin because studies by Hirst in 1942 demonstrated that the influenza virus was able to cause haemagglutination of red blood cells [17] . Further studies by Blixt and colleagues identified the component on the red blood cells that interacted with the HA and this was called sialic acid (Sia).
Sia is the name given to the nonulosonic carbohydrate neuraminic acid (Neu) that contains an acetyl group at the fifth carbon position, hence Neu5Ac. In many animal species the acetyl group also undergoes enzymatic transformation to form a glycolyl group -Neu5Gc. Humans lack the enzyme that performs this transformation, however small amounts of Neu5Gc may be incorporated into humans from the diet [18, 19] .
The second key factor that allows viral infection is the presence of the NA enzyme that is able to cleave the Sia from an adjacent sugar (often galactose or Gal). This viral NA, however does not cleave all Sia equally and most strains have a preference for cleaving the Sia when it is linked to the Gal in an α2-3 configuration (so called Sia α2-3Gal)(reviewed by Air [20] ). Once inside the cell the internal genes and proteins come into play and play a more dominant role than HA and NA.
Two seminal studies from the 1980s by Paulson and colleagues demonstrated key determinants about the Sia-HA interaction. The first was that viruses isolated from different animal species differed in their ability to cause haemagglutination [21] . Viruses isolated from humans and swine preferably agglutinated cells that contained the Sia-Gal in an α2-6 linkage, but when viruses from horses and avian sources were used, they preferred agglutination when the linkage was α2-3. The second key finding was the use of plant lectins that were discriminatory in their binding to different Sia-Gal interactions [22] . The lectin from the Elderberry bush, Sambuccus nigra(SNA), bound Siaα 2-6Gal, whereas the lectin from the bark of Maackia amurensis (MAA) preferentially bound glycans with Siaα2-3Gal. These lectins were used in binding to the human respiratory tract and demonstrated that ciliated cells -the targets of influenza -bound mainly SNA, indicating an abundance of Siaα2-6, but goblet cells bound mainly MAA, indicating mainly α2-3. Putting these 2 findings together, it was hypothesized that avian viruses (mainly agglutinating red blood cells with Siaα2-3Gal) would not readily infect humans as the target cells were mainly Siaα 2-6 (as demonstrated by SNA binding). In the 1980's Scholtissek proposed that swine could act as an intermediate host [23] , and lectin binding by Ito and colleagues inferred that the swine respiratory tract had both binding with SNA and MAA, thus potentially acting as a mixing vessel [24] . Recent lectin binding studies [25, 26] and ex-vivo infections by van Poucke and colleagues, however, have shown that there may be more variation in the swine respiratory tract than was previously demonstrated [27] . 
The first barrier -mucin
The mucus that is present in the airways is a mixture of cells, cellular debris and polypetpides held together by macromolecular consituents called mucins that are either in the fluid or on the surface of cells. Mucin is not a homogeneous protein but a family of glycoproteins that may either be secreted (such as MUC5AC and MUC5B) or membrane associated, that may function as cellular receptors (MUC1, MUC4, MUC11, MUC13, MUC15 and MUC20). There are a number of excellent reviews on the different types of these mucins available [28, 29] . The first set of mucins are normally secreted by goblet cells of the surface epithelium (MUC5AC and MUC5B) and submucous glands (MUC5B) present in the trachea and bronchi, and the membrane associated mucins, such as MUC1 and MUC4, are present at the apical surface of ciliated cells (Fig. 1) . The effect of mucin on influenza virus replication was initially investigated in 1942 [30] . The lectin binding studies by Baum and Paulson [22] and Lo-Guidice and colleagues [31] suggested that mucin was mainly α2-3 sialylated, and this is in keeping with mass spectrographic data that has determined the O-glycan components of mucin (Nicholls et el, unpublished results). Mucins therefore may trap avian influenza viruses because these have an affinity for α2-3 [32] . However, the successful ability of influenza to infect the respiratory epithelium is most likely due to the preference of the viral NA to cleave α2-3 linkages compared with α 2-6 linkages. Because the mucin is highly sialylated, the acidic nature of the Sia results in entrapment of water giving a viscous gel like quality to the mucin that acts as a physical barrier to infection. As children have fewer numbers of submucous glands and goblet cells than adults [33] , this reduction in number and quantity may be more susceptible to avain virus infection, such as H5N1 compared with the adult population.
The second barrier -host defence lectins
The functional unit of the lung is the alveolus and this is involved in gas exchange. To achieve this function requires as narrow a thickness as possible for efficient gas exchange, thus the presence of mucin in this environment would be a disadvantage as it would create a barrier to gas exchange. The body, however, has another line of defence to replace mucin and there are compounds called lectins which are proteins that bind to specific carbohydrate structures (reviewed by Ng and colleagues [34] ). As the influenza HA and NA are glycoproteins, they undergo a process called glycosylation which means that glycans are added to the Asn residue of the sequence Asn-X-Ser/Thr, where X can be any amino acid except proline. In the normal glycosylation pathway the N-glycans are capped with Sia, however owing to the action of the viral NA, influenza itself is not sialylated but has an exposed galactose [35] . The glycosylation of HA is important in the development of antigenic variation but also plays a role in recognition by the host lectin mechanism [36] . In 2007 Reading and colleagues showed that the degree of glycosylation affected the ability of certain viruses to replicate in the respiratory tract of mice [37] . Viruses that lacked glycosylation of HA were able to cause more disease in mice than viruses that were glycosylated.
Three classes of lectin have been demonstrated to show antiinfluenza activity -the C-type lectins, S-type lectins and pentraxins (reviewed in Ng and colleagues [34] . The first type. C-lectins, are calcium dependent (C-type) and recognize mannose or galactose. The C-type lectins have a subgroup called collectins (because of a collagenous domain). The collectins have a trimer composed of polypeptides that have a carbohydrate recognition domain. In the lung the 2 main lectins involved in anti-influenza activity are surfactant proteins A and D. These 2 collectins have different mechanisms. SP-A is sialylated and so acts as a decoy receptor (so called γ-inhibition) -thus its ability to prevent influenza infection is not dependent on the degree of HA glycosylation [38] . In contrast SP-D binds mannose type oligosaccharides and has been demonstrated to interact with influenza virus HA involved in haemagglutination inhibition, and is also able to mediate aggregation of viral particles and inhibit HA activity through interaction of the viral HA or NA (Fig. 2) . Since SP-D interacts with the mannose, its antiviral effect will be dependent on the degree of glycosylation present, thus the changes in HA associated with drift due to increasing glycosylation will lead to greater neutralization by SP-D and thus reduced virulence.
The influence of SP-D on the innate immune response has been studied in SP-D deficient mice, which showed enhanced viral replication of glycosylated influenza virus. This change can be rectified if there is overexpression of wild type SP-D proteins [39] . Reading and colleagues have further shown that elevated glucose can interact with SP-D resulting in more severe disease in diabetic mice [40] . This finding is of note when it was found that patients with diabetes or obesity were more prone to developing severe disease in the 2009 pandemic [41] .
A third lectin that is involved in the innate immune response is mannose binding lectin (MBL) which has the added effect of interacting with the complement pathway leading to lysis or phagocytosis.
The third barrier -Macrophages
One of the histological features seen in patients with H5N1 has been the increased numbers of macrophages in the alveolar space [42] . Studies of the ex vivo tissues infected with H5N1 have shown positive antigen in these cells [43] . Unlike the different types of epithelial cells present in the bronchus, alveolar macrophages appear equally susceptible to human and avian influenza virus infection, though H5N1 shows less productive replication in alveolar macrophages than bone marrow derived macrophages [44, 45] . Macrophages have receptors for mannose and galactose (MMR and MGL) so this interaction can be Sia independent [46] . As influenza infection appears different in alveolar macrophages compared with bone marrow derived macrophages, extrapolation of studies using the latter to the real clinical picture should be interpreted with caution.
Neutrophils
These are low in number in the alveoli of normal lungs but as a "first responder" will be recruited into areas of influenza infection. Experimental infection of neutrophils with H5N1 resulted in an increase in matrix gene but this was not found in infection with H1N1 (Chan RWY, Personal Communication). Compared with macrophages this cell type has not been investigated in as much detail but this requires more investigation.
Natural Killer cells
Similar to neutrophils these cells do not constitute a major population of inflammatory cells within normal alveoli. They do however appear to be closely involved in later stages of the inflammatory response, either through direct activation using the interferon receptor pathway (see below) or through type I IFNmediated trans-presentation of IL-15 by dendritic cells (reviewed by Hwang and colleagues [47] ).
Epithelial cells
The two main cells present in the alveoli are the Type 1 and Type 2 pneumocytes. Type 1 pneumocytes are large and flattened and incapable of replication. The type 2 pneumocytes are smaller and responsible for surfactant production involved in the antiviral defence mentioned above (reviewed in Crouch and Hillaire [48, 49] . When type 1 cells are damaged the type 2 will differentiate into type 1 cells. The diffuse alveolar damage picture seen in the fatal cases of 1918 H1N1 and H5N1 is due to the destruction of the type 1 pneumocytes with a consequent disruption of the integrity of the vascular-epithelial interface leading to an outpouring of serum proteins including albumin -leading to the hyaline membranes.
It is therefore important to understand whether influenza virus targets mainly type 1 or type 2 epithelial cells. Van Riel and colleagues have performed virus binding assays and demonstrated that H5N1 bound to type 2 cells within the lung with the type 1 cells binding seasonal H1N1 [50] . This has been corroborated by ex vivo infections of lung tissues that demonstrated viral egress from type 2 rather than type 1 cells [51] . This implies that the destruction of type 1 cells leading to diffuse alveolar damage might not be due to a direct viral cytopathic effect but may be secondary to a cytokine mediated destruction. Analysis of this effect in the laboratory is challenging as keeping isolated type 2 cells in their native state is difficult as they rapidly differentiate into type 1-like cells [44] . Though many investigators have used the A549 cells as "representing" the lung epithelium, this cell line is derived from a type 2 pneumoctye tumour and does not faithfully represent their non-neoplastic counterpart (e.g lack surfactant production and require trypsin to be added for efficient virus replication).
The intracellular response
The emergence of H5N1 in 1997 caused a great deal of concern as compared with seasonal influenza infection there was a significantly high morbidity and mortality. The question for clinicians and researchers was whether this was just due to properties of a "new" virus to which there was little human immunity or whether there were intrinsic viral properties that resulted in a high mortality. Infection of macrophages or epithelial cells in the in vitro setting pointed to the latter scenario [52, 53] , and transcription analysis showed that H5N1 was more potent than seasonal influenza in the production of inflammatory cytokines and chemokines.
Once influenza encounters the cell there are pattern recognition receptors (PRR) that are stimulated to initiate an antiviral response leading to the production of interferon and cytokines and chemokines. The three main pathways that are triggered leading to an interferon response are the toll like receptor pathway (TLR), retinoic acid inducible gene I (RIG-I) like receptors (RLR), and nucleotide oligomerization domain (NOD)-like receptor pathway pyrin domain containing 3 (NLRP3) (reviewed in van de Sandt [54] ).
TLR pathway
TLPR 2 and 4 are present on the cell surface and recognize viral surface glycoproteins, while TLR 3 and 7 are present intracellularly and recognized double stranded viral RNA (dsRNA) and single stranded RNA viral RNA9(ssRNA) respectively. Shinya and colleagues previously demonstrated that prestimulation of TLR2 and 4 had a protective effect in mice when challenged with HPAI and that this protective effect was also seen after pre-treatment with lipopolysaccharide (LPS) which is a ligand for TLR4 [55] . This TLR4 binding resulted in the activation of 2 independent pathways -one involving MyD88 and the other TRIF. This pathway also required 2 surface molecules MDM2 and CD14, and additional studies demonstrated that cultures lacking either MD2 or CD14 had no change in H5N1 replication after LPS stimulation [56] . Interestingly, while LPS alone did not affect the expression of interferon stimulation genes. It did lead to an upregulation of the expression of other antiviral molecules, and TLR3 was found to be upregulated in this TLR4-TRIF pathway, thus demonstrating that the suppression of H5N1 infection was aided by the synergistic upregulation of TLR3. This finding is of interest because TLR3 was previously thought to recognize only dsRNA [57] .
TLR7, as mentioned before, is an intracellular receptor that recognizes ssRNA but only after the complex has been degraded in the endosome. Though it plays an important role in the innate defence mechanism, it is also involved in the antibody isotype switching and Katz and colleagues showed that TLR signaling was involved in the recruitment of myeloid-derived suppressor cells (MDSC) that play a role in the formation of the humoral immune response, directing the acute adaptive response towards Th2 following influenza virus infection [58] . 
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Thus TLR7 appears to play a dual role -the recognition of vRNA in early infection and then in terms of immunization TLR7 is activated in the MHC class II endocytic pathway. As a backup to the late endosomal compartment there are 2 other pathways that recognize vRNA in the cytosolic component -RIG-I and NLR.
RIG-I
There are a number of good review articles on this pathway available [59] [60] [61] . These pathways exist in order to distinguish host "self" RNA from invading pathogenic RNA (i.e "non-self"). The intracellular detection of this RNA was ascribed to two cytoplasmic helicases called RIG-I and melanoma differentiationassociated gene 5 product (MDA5). RIG-I has 2 consecutive caspase activation and recruitment domains (CARD), a central helicase domain and a C-terminal domain (Fig. 3) . Knockout studies showed that RIG-I and MDA5 were able to discriminate between different strains of virus -RIG-I for the ortho, paramyxo and rhabdoviruses and MDA5 for the picornaviruses [62] .
It should be noted that there is a third member of the RLR pathway, LGP2 which lacks the CARD interaction motif. This is thought to act as a positive regulator making the viral RNA complexes more accessible to RIG-I. The recognition of viral RNA by RIG-I is enhanced when there is a 5'-triphosphate (PPP) present on the RNA, acting as a 'hook', as removal of this PPP reduced interferon induction [63, 64] . Once the triphosphate terminated vRNA is recognized by RIG-I, the complex undergoes a conformation change in which the CARDs are able to be ubiquitinated by TRIM25 which adds a Lys-63 linked ubiquitin chain to RIG-I. The Lys172 in the second CARD of RIG-I appears crucial for effective function [65] . Unlike many other results of ubiqutination, the change in RIG-I does not lead to degradation in the proteasome but actually is a critical step for subsequent interaction of RIG-I with MAVS though the exact mechanism how this is facilitated is not clearly understood [61] .
The TRIM proteins are called such because they have a TRIpartite Motif and even though there have been over 70 genes encoding TRIM described, only a small number have been well characterized [61] . Since it was demonstrated that genes encoding TRIM were upregulated by type-1 interferons their role has been further investigated [66] . As mentioned above TRIM25 ubiquitinates and activates RIG-1, TRIM30α inhibits NF1κβ, TRIM21 stabilizes IRF3 and TRIM27 inhibits NF1κβ, IRF3 and IRF7, thus affecting the downstream activation pathway in viral infection. Once CARDs are expressed and ubiquitnated they are able to interact with the CARDs of the adaptor protein Mitochondrial AntiViral Signaling (MAVS) on mitochondria leading to activation of the IKKα-IKKß-IKKγ complex and the downstream NFκß, IRF3 and IRF7 complexes followed by transcription of type 1 interferons.
Interferon signaling and antiviral activity
The end result of activation of the TLR and RIG-I pathway is the increased transcription of cytokines, chemokines and interferons that recruit neutrophils, activate macrophages and lead to maturation of dendritic cells. In influenza infection the type 1 interferons (IFN-α and IFN-ß) are the major cytokines that limit viral replication with TNFα, IL-1ß and IL-6 recruiting immune cells to the sites of infection and producing inflammation. The type-1 interferons act on INF-α/ß receptors present on the same cell and on adjacent cells to activate the antiviral signaling cascade, including the Tyrosine Kinase 2 (TK2) and Janus Kinase 1 (JAK1), phosphorylation of STAT1/2 that indues transcription of hundreds of genes containing interferon stimulating response elements (IRSE)(reviewed by van de Sandt [54] ). These IFN stimulated genes encode other TRIM proteins plus other antiviral proteins such as MxA, viperin, tetherin and OAS. One protein in particular PKR is involved in dsDNA binding and functions as an antiviral by blocking general translation.
Endothelial cells
Endothelial cells in the past were considered as collateral damage when the process of DAD was initiated as a loss of the endothelial integrity with subsequent microvascular leakage was a key feature in bacterial sepsis and in viral infection such as H5N1 [67] . In the 2009 pandemic autopsy studies demonstrated viral antigen in endothelial cells and if the same can be demonstrated in H5N1 infection this may explain the extrapulmonary dissemination of virus in these infections [8] . It has also been shown that polarized endothelial cells can be infected in vitro [68] . Intriguingly recent publications have shown that endothelial cells may actually be involved in modulating the innate immune response via sphingosine-1-phosphate signaling. This is a metabolite of sphingolipid and a ligand for G-protein coupled receptors SIP1-5 [69] . The role of these receptor ligands was shown by Marsolais and colleagues who used SIP ligands and found that they reduced the cytokine response using a mouse adapted influenza virus [70] . Further work demonstrated a level of SIP1 expression on lymphatic and vascular endothelial cells and that treatment with an agonist of SIP1 was able to reduce the production of chemokines CCL2, CCL5 and CD11b+ cells and decrease IFN γ secretion but did not affect IFNα, CCL2, IL6 or TNFα, thus showing that endothelial cells are able to actually modulate the inflammatory response [71] . It is possible that these SIP analogs may have a use in further therapies in dampening the excessive innate immune response [72] .
Influenza hijacking of the innate immune response
The preceding discussion indicates that the human respiratory tract has developed a complex network of mechanism to ensure that it is protected from the effects of viral infection. The fact that severe influenza can occur in the lower respiratory tract shows that the virus has evolved mechanisms to circumvent this protective mechanism. These can broadly be divided into the surface proteins (HA and HA) that are involved in the extracellular phase of exposure (from the environment to the surface of the cell) and then once the virus is in the intracellular environment, the internal genes take over to enhance replication of progeny virions. With regard to the extacellular compartment the role of NA in cleaving the sialylated mucin and glycosylation of the HA has already been discussed.
Within the cell it has been found for a long time that influenza has evolved a strategy to evade the powerful IFN defence mechanism [73] but in 1998 Garcia-Sastre and colleagues showed that the production of recombinant influenza lacking a gene called non-structural protein (NS1) was able to suppress this IFN pathway [74] . NS1 employs this strategy at many levels, including targeting TRIM25. It will be remembered that TRIM25 is required to ubiqutinate and activate RIG-I leading to subsequent IFN production. For TRIM25 to perform this function it needs to be oligomerized and NS1 inhibition of this abolishes this activity. All influenza strains have this interaction with TRIM25, possibly because of the conserved Glu96 and Glu97 but the D92E change in H5N1 may affect function [75] . NS1 also functions to impair the interferon induced protein PKR which it will be recalled can shut down translation by sustained phosphorylation of the translation factor elF2α thus inhibiting virus propagation [76] .
Finally a distinctive feature of the 1918 H1N1 NS1 and of many avian strains (including H5N1) is a C-terminal Glu-SerGlu-Val (ESEV) binding motif for a PDZ domain that mediates protein interaction. This finding was identified by large-scale sequence analysis of viruses isolated from different bird and mammalian species [77] . The ESEV domain is mainly present in avian influenza viruses while human viruses have a conserved RSKV domain. Jackson and colleagues in 2008 used reverse genetics to insert these different motifs into the mouse adapted A/WSN/33 and found that the RSKV had a better survival and lower viral load than the ESEV motif [78] . Later studies by Soubries and colleagues used LPAI H7N1 with a C-terminal RSKV and different species of cells and animals (ducks and mice), and found the changes in replication between ESEV and RSKV were species specific. In particular ESEV induced higher levels of IFN than RSKV in mouse cells but this ESKV was less sensitive to type 1 interferon pre-treatment [79] . The same groups also recently studied H7N1 HPAI with a deletion of 6 amino acids R225VESEV230 that was present in recent strains affecting poultry and found that the C-terminal ESEV domain did not increase virulence as deletion of the six amino acids had no impact on viral replication or immune response [80] . It should be noted that the 2008 H1N1 virus also has a stop codon at 220, thus suggesting that it behaves similar to H7N1 with the six amino acid deletion.
Therapeutic options for control of the innate immune response
Finally, since there is evidence that severe influenza caused by certain influenza viruses such as H5N1 trigger an exaggerated innate immune response, are there therapeutic options in addition to antiviral therapy that may be utilized to "buy time" before the acquired immune response takes over? The use of immunmodulatory agents such as steroids has been discouraged by the WHO. Statin therapy has been advocated by a number of individuals and reviewed in a number of publications, with claimed evidence that there was a 66% reduction in mortality (reviewed by Fedson [81] ) but no effect on viral clearance in infected mice [82] . One research group has used palmidronate to stimulate Vγ9Vδ2 T-cells to kill infected cells [83] . An NF-κβ inhibitor SC75741 was shown to block H5N1 virus propagation in vitro and vivo and consequent overproduction of cytokines and chemokines in the lungs of mice after infection with H5N1 (Reiling SJ, unpublished observations). Evidence for a role for IFN in anti-influenza virus response has been shown through the use of IFNα/β receptor deficient mice [84] .
IFNα has been shown as an effective control of hepatitis B and C in humans, particularly active HCV, in which IFNα has cured 98% of affected individuals. During the 2003 SARS outbreak in Toronto, IFN alfacon-1, a novel synthetic consensus IFN, showed clinical benefit in patients treated with steroids and IFN compared with those treated with steroids alone [85] . In guinea pigs and ferrets infected with H5N1 and seasonal influenza respectively, IFN treatment resulted in reduced vi-ral titres and improved pulmonary pathology [86, 87] . There were promising results of intranasal administration of IFNα in preventing influenza infection in the 1980's but side-effects prevented the widespread adoption of this route of administration [88, 89] . Treatment with alfacon-1 of human ex vivo tissues infected with H1N1pdm and H5N1 showed it was able to reduce infection but IFN treatment post-exposure produced a less dramatic effect [90] . As this latter scenario is the one most likely to be encountered in clinical practice this implies that IFN use in the clinical setting may have only limited benefit.
Conclusions
In the event of a new pandemic with a severity and transmission similar to the 1918 H1N1 outbreak there will be limited availability of antiviral agents. A comprehensive understanding of pathways and mechanisms involved in the innate immune antiviral response is thus necessary so that additional agents may be used to control viral replication and spread until adequate vaccination is available.
